Pore-forming colicins form voltage-dependent ion channels in the cytoplasmic membrane of sensitive bacteria. Colicin U belongs to the family of channel-forming colicins (22) , which consist of three domains responsible for translocation through the outer membrane (N-terminal domain), binding to the receptor (central domain), and channel formation (C-terminal domain). Crystal structures of the pore-forming domains of colicins A, E1, and Ia have been determined at atomic resolution (4, 16, 27) . In the water-soluble state, the pore-forming domains are arranged similarly and consist of a central hydrophobic hairpin (helices 8 and 9) surrounded by eight amphipathic helices. The structure of the membrane pore is less clear. Upon contact with the cytoplasmic membrane, the colicins unfold and the hydrophobic hairpin inserts into the lipid bilayer. It is debated whether the hydrophobic hairpin is oriented parallel to the bilayer or whether it assumes a transmembrane arrangement, and how its arrangement and that of the other helices change upon voltage-dependent pore formation (1, 3, (11) (12) (13) 15) . In colicin Ia, at least helices 5 and 6 are translocated across the membrane in response to a transmembrane voltage (21) , whereas helices 8 and 9 are inserted voltage-independent into the membrane (9) . For the purpose of this paper, the general agreement that helices 8 and 9 are embedded in the membrane is of relevance.
Sequence similarities separate the pore-forming colicins into the A-type (colicins A, B, N, and U) and the E1-type (colicins E1, 5, K, 10, Ia, and Ib) colicins (Fig. 1) . The corresponding immunity proteins have been classified into the same two groups (17, 20, 23) . The colicin A immunity protein (Cai) has four transmembrane segments, and its N and C termini are located in the cytoplasm (8) , whereas the immunity proteins of colicin E1 (23) and colicin 5 (17) cross the cytoplasmic membrane three times, with the N terminus in the cytoplasm and the C terminus in the periplasm.
In this study, we show that deletion of residues 575 to 583, which we propose to form the tip of the hydrophobic helical hairpin, did not alter the cytotoxic activity of colicin U. We further demonstrate that the tip sequence is a main determinant for the specific recognition of colicin U by the cognate immunity protein. In addition, we determined the transmembrane topology of the colicin U immunity protein and show that it corresponds with the immunity protein of colicin A.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in this study are listed in Table 1 . All strains were grown in a medium composed of 1% Bacto Tryptone-0.5% yeast extract (TY; Difco Laboratories, Detroit, Mich.) plus 0.5% NaCl (pH 7) or on TY agar plates. When required, media were supplemented with kanamycin (50 g/ml) or chloramphenicol (50 g/ml). The ampicillin resistance of strains carrying cui-blaM fusion genes was tested on TY agar plates supplemented with increasing concentrations of ampicillin (5, 25, 100, 200, and 400 g/ml).
Recombinant DNA techniques. Plasmid DNA was isolated with ion-exchange columns (Qiagen, Hilden, Germany). Standard methods were used for restriction endonuclease analyses, ligation, and transformation with plasmid DNA (18) . DNA was sequenced by the dideoxy chain-termination method (19) with an AutoRead sequencing kit (Pharmacia Biotech, Freiburg, Germany) and an A.L.F. Automatic Sequenator (Pharmacia Biotech). Site-specific mutagenesis was performed by PCR (10) . The nucleotide sequence of the primer used for the A-to-T replacement at position 1857 (colicin U8 mutant) of the cua gene (22) is given as an example of the mismatch primers used for PCR (replaced nucleotide underlined): 5Ј-GCTAAACTAGTCGATAAAACACCCAGC-Ј3. The sequences of the mutagenized fragments were verified by DNA sequencing. For the construction of cui-blaM gene fusions, restriction sites that yield blunt ends were introduced into the cui gene. After amplification by PCR, the cui gene fragments were cloned into the pJBS636 vector, which resulted in cui-blaM gene fusions. pJBS636, a ␤-lactamase fusion vector, was derived from vector pJBS633 (2); pJBS636 carries the T7 promoter and the multiple cloning site of plasmid pT7-7.
Radiolabeling of proteins. cui-blaM gene fusions were under the control of the phage T7 gene 10 promoter and were transcribed by the T7 RNA polymerase, which was chromosomally encoded in Escherichia coli BL21 and was under the control of the lacI repressor. Cells (2 ml) in the exponential growth phase (optical density at 578 nm ϭ 0.4) were collected by centrifugation and then suspended in 1 ml of a medium that contained 0.6% Na 2 HPO 4 , 0.3% KH 2 PO 4 , 0.1% NH 4 Cl, 0.05% NaCl, 1 mM MgSO 4 , 0.1 mM CaCl 2 , 1 mM sodium citrate, 0.4% glucose, 20 mg of thiamine/liter, and 0.01% methionine assay medium (Difco Laboratories). T7 RNA polymerase synthesis was induced by adding 1 mM isopropyl-␤-D-thiogalactopyranoside. After the culture was shaken for 60 min at 37°C, 20 l of rifamycin solution (20 mg/ml in methanol) was added to inhibit the E. coli RNA polymerase, and the culture was shaken for an additional 30 min. Cells were then labeled by adding 185 kBq of [
35 S]methionine and incubating the culture for 15 min at room temperature. Cells were sedimented by centrifugation, suspended in 40 l of sample buffer, and heated for 5 min at 100°C. Ten microliters was subjected to polyacrylamide gel electrophoresis (PAGE; 3% polyacrylamide stacking gel, 15% polyacrylamide running gel) in the presence of 0.1% sodium dodecyl sulfate (SDS). The dried gel was autoradiographed with Kodak X-Omat S100 film.
Colicin U and the mutated colicin U proteins were labeled in vitro with [ 35 S]methionine in a bacterial cell-free transcription-translation system (Promega, Madison, Wis.) and subjected to SDS-PAGE as described above.
Colicin activity assay. Colicin activity was tested by spotting 10-fold dilutions of colicin-containing crude cell extracts onto plates prepared with 20 ml of TY agar; the plates were then overlaid with 3 ml of low-melting-point TY agar in which 0.1 ml of an overnight culture of the indicator strain had been suspended (14) .
RESULTS

Deletion of the tip of the hydrophobic hairpin of colicin U.
The colicin U determinant consists of the genes cua, which encodes the colicin; cui, which confers immunity to colicin U; and cul, which causes lysis of the colicin U-producing cells (22) . To investigate the function of the hydrophobic hairpin of colicin U, amino acids 575 to 583 (henceforth designated the tip) of colicin U were deleted. E. coli 5K cells transformed with plasmid pHP140 cua [colicin U(⌬575-583)] cui cul resulted in single colonies. A second attempt to grow the transformed cells on a nutrient agar plate failed due to cell death, which indicates that the immunity protein could not fully inactivate the mutated colicin. Because of the instability of E. coli 5K (pHP140), the colicin U-resistant strain HP87, which does not take up colicin U, was transformed with plasmid pHP140. Nonimmune cells devoid of uptake are resistant to pore-forming colicins which for pore formation have to insert from the periplasmic side into the cytoplasmic membrane. Crude extracts of E. coli HP87(pHP140) killed sensitive E. coli 5K cells to the same extent as cell extracts of E. coli 5K(pDS2 cua cui cul), which synthesized wild-type colicin U. This result demonstrated that the tip of the hydrophobic hairpin is dispensable for colicin U activity. Colicin U(⌬575-583) contained in the cell extract of E. coli HP87 killed E. coli 5K(pDS4 cui) cells despite synthesis of the immunity protein, as demonstrated by immunity to wildtype colicin U (Table 2 ). This shows that colicin U(⌬575-583) was not recognized by the colicin U immunity protein.
Mutational analysis of the hydrophobic colicin U hairpin. Although colicins U and B display 73% sequence identity in the pore-forming domains, they show no cross-immunity (22) . Since the hydrophobic hairpins of the two colicins are only 35% identical, they may determine the specificity for the immunity proteins (Fig. 1) . To investigate whether the tip of the colicin B hydrophobic hairpin specifies interaction with the colicin B immunity protein, the tip of the colicin U hairpin was replaced by the tip of the colicin B hairpin (SALIAFGL), which resulted in colicin U(575-582ColB). Transformation of E. coli 5K with plasmid pHP141 Col U(575-582ColB) yielded unstable cells, similar to transformants carrying pHP140. Therefore, strain HP87 was transformed with pHP141, and the crude colicin extract was tested on sensitive E. coli 5K cells; colicin U(575-582ColB) was as active as wild-type colicin U ( Table  2 ). The colicin B immunity protein reduced colicin U(575-582ColB) activity 10-fold ( Table 2 ). The SALIAFGL sequence was also recognized by the colicin U immunity protein, which reduced the activity of colicin U(575-582ColB) 10-fold (Table  2 ). Since the colicin B immunity protein did not fully inactivate colicin U(575-582ColB) and the colicin U immunity protein did not inactivate colicin B, either the SALIAFGL sequence is not the only recognition site for the colicin B immunity protein or SALIAFGL assumes somewhat different conformations in the two colicins.
To investigate which of the eight inserted amino acids of colicin U(575-582ColB) are responsible for the interaction with the immunity proteins, single point mutations were introduced in the tip of the hydrophobic hairpin of colicin U ( Table  1) . The eight mutants isolated were fully active on E. coli 5K cells (Table 2) . Colicins U1, U3, U4, U5, and U7 were inactivated by the colicin U immunity protein to the same extent as wild-type colicin U ( Table 2) . Colicin U6 was less inactivated by the colicin U immunity protein (Table 2) and rendered E. coli 5K[pDS106 cua (G580F) cui cul] unstable. Colicin U2 cross-reacted with the colicin B immunity protein, which indicates that the F576A replacement altered the immunity specificity. Although E. coli 5K(pDS4 cui cul) was also not fully immune to colicin U2 (Table 2) , no instability was observed after transformation with DS102 cua (F576A). All mutant colicin U proteins were synthesized in similar amounts and showed the expected size, as determined by SDS-PAGE (Fig.  2) . The unknown band below the colicin U proteins was formed in the in vitro protein synthesis system used and was also observed previously (22) .
Topology of the colicin U immunity protein (Cui) in the cytoplasmic membrane. The hydropathy profile of the Cui immunity protein shows four hydrophobic segments that are predicted to form four ␣ helices across the cytoplasmic membrane (Fig. 3) . To support this model, hybrid proteins between the colicin U immunity protein and ␤-lactamase (BlaM) were constructed. Only hybrid proteins with fusion sites located in the periplasm should allow cells to grow as single colonies on nutrient agar plates supplemented with at least 5 g of ampicillin/ml (2). The Cui68-BlaM hybrid in loop 1 conferred resistance to 200 g of ampicillin/ml, whereas cells expressing the Cui-BlaM hybrids with fusion sites at positions 90 and 174 formed no colonies on plates containing 5 g of ampicillin/ml. Cells that synthesized the Cui139-BlaM hybrid were resistant to 100 g of ampicillin/ml, indicating a localization of residue 139 of Cui in the periplasm. The transmembrane topology of Cui corresponds to that of the colicin A immunity protein (Cai) (8), with which it shares 45% sequence identity (22) . When examined by SDS-PAGE (Fig. 4) , the hybrid proteins each displayed the molecular mass as calculated considering the fusion sites in the Cui immunity protein and the mature form of the BlaM ␤-lactamase. There were also proteolytic degradation products of the hybrid proteins (bands below the hybrid proteins) and bands corresponding to the resistance proteins.
The colicin U immunity protein confers cross-immunity to colicin A but not to colicin B (22) . The immunity of Cui should therefore be specified by amino acids that are common to Cai but not to Cbi. There are only 30 such residues, and they are distributed along the entire Cui sequence (data not shown), 
DISCUSSION
In this study, we showed that residues 575 to 583 (designated the tip) of the hydrophobic hairpin are not required for colicin U activity. Deletion of nine residues which included five residues of the predicted helix 8 and the loop between helix 8 and helix 9 ( Fig. 1) resulted in a fully active colicin. Full activity of colicin U(⌬575-583) demonstrates that deletion of the tip does not alter the relative arrangement of helices 8 and 9 and of the other membrane helices in a way that prevents pore formation, which includes binding to the cytoplasmic membrane, unfolding, insertion into the membrane, and assembly of the helices to a pore. The length of the truncated helix 8 is similar to the length of helix 8 of the E1-type colicins (Fig. 1) . Helix 9 could also be shortened when helix 9 residues are included in the connecting loop of the deletion derivative. Either full-length helices of 17 and 18 residues required to span a lipid bilayer are not necessary for pore formation of the A-type colicins and of the E1-type colicins or the helices lengthen upon binding to the membrane (3, 4) . Replacement of the eight colicin U residues by eight colicin B residues did not alter colicin U activity, which supports the conclusion that there is no strict requirement regarding the length and the sequence of the tip.
Deletion of residues 575 to 583 abolished inactivation of colicin U by the colicin U immunity protein. Lack of immunity to colicin U(⌬575-583) probably indicates recognition of the tip sequence, or a portion of it, by the immunity protein.
Replacement of the 575 to 582 region by the corresponding region of colicin B expanded immunity specificity in that the resulting colicin U(575-582ColB) was inhibited by the colicin B immunity protein and by the colicin U immunity protein. This result indicates that the tip represents an important immunity-conferring region of colicin U, and correspondingly of colicin B, but it is not the only specificity-determining region because of the cross-immunity. Analysis of single point mutations in the tip of the hairpin of colicin U revealed that phenylalanine 576 contributes to immunity specificity since its replacement by alanine in colicin U2 caused cross-immunity with the colicin B immunity protein and a decrease in inhibition by the colicin U immunity protein. The G580F substitution in colicin U6 somewhat lowers immunity conferred by the colicin U immunity protein but does not alter the immunity specificity. Reduction of specificity and reactivity may be caused by a distortion of the colicin B tip conformation in colicin U, and/or colicin regions outside the tip contribute to the interaction with the immunity protein. Furthermore, deletion of the tip may affect the conformation of a binding region of the immunity protein outside the tip which results in a reduced reactivity and specificity with the immunity protein.
Apart from the unsolved molecular details, our data lead us to propose that the tip of the hydrophobic hairpin in colicin U and in colicin B represents a major determinant for the interaction with the corresponding immunity proteins. We consider these results as representative for the interaction of the A-type colicins with their immunity proteins.
The killing activity of a series of colicin A-colicin B chimeric proteins on immune indicator strains has revealed the hydrophobic region between amino acids 530 and 577 as the main immunity-specifying determinant of the colicin A sequence (7) . Our data confine the region that specifies interaction with the immunity protein to the tip of the hairpin of colicins U and B. A nontoxic derivative of colicin A bound to the cytoplasmic membrane does not form an open channel but reacts with the immunity protein, which shows that the immunity protein can inactivate the colicins without opening the channel (5, 6). In colicin E1, which represents another type of pore-forming colicins, amino acid substitutions of residues 440, 443, 444, 474, and 477, located in the segments between helices 5 and 6 and helices 7 and 8, respectively (4), reduced protection by the immunity protein (28) . For colicin 5 (E1-type colicin), we have shown that residues 405 to 424 of helix 6, corresponding to residues 437 to 456 of colicin E1, are important for the inactivation by the immunity protein (17) . Since the site of interaction on the immunity protein is located in the cytoplasmic loop and the inner leaflet of the cytoplasmic membrane (17) , residues 405 to 424 of colicin 5 have to be deeply inserted in the cytoplasmic membrane. Apparently, E1-type and A-type colicins differ with regard to the membrane locations of the interaction sites with the cognate immunity proteins, and the reacting interhelical loops are located in different regions of the E1-type colicins and the A-type colicins.
The amino acid sequence of bacteriocin 28b (probably identical to colicin L) of Serratia marcescens displays the highest sequence similarity to colicin A (26) . However, it lacks five residues in the tip of the hairpin (Fig. 1) which, according to the results presented in this paper, it would not need because producer cells are not protected by an immunity protein (25) .
With the identification of the hydrophobic hairpin tip as a site of interaction with the immunity protein, the location of the tip within the membrane gains interest. During the multistep membrane insertion process, the location of the tip most likely differs after the voltage-independent primary insertion of the hydrophobic hairpin and after the subsequent response to the transmembrane voltage. The known transmembrane arrangement of the immunity protein and the identification of the site of interaction on the immunity protein should allow determination of whether A-type colicins are inactivated prior to or after pore formation. ␤-Lactamase hybrid proteins revealed four transmembrane segments of the colicin U immunity protein and that the N and C termini of the immunity protein face the cytoplasm. This arrangement agrees with the transmembrane topology of the colicin A immunity protein (8) and suggests that all immunity proteins of A-type colicins display similar structures.
